We present a verication, an extension and a reanalysis of Uncertain outcomes and climate change policy, R. Pindyck, Journal of Environmental Economics and Management, 2012. As far as verication is concerned, we are able to reproduce the results provided in Pindyck's work in many cases and convincingly conrm the quality of the work. Some discrepancies are present, they are due to rounding or related to specic sets of parametric values and do not change the economic interpretation or signicance of the results. The re-estimation of the model with more recent data on climate change made available in 2014 shows that temperature increments are now deemed to be higher in mean but less dispersed. As a consequence, the willingness to pay doesn't vary much with respect to the original paper. We also modify the functional form describing the impact of temperature increase on the growth rate of consumption and obtain much bigger and potentially problematic increments of the willingness to pay.
Introduction
This paper presents a verication as well as an extension and a reanalysis of the work Uncertain outcomes and climate change policy by R. Pindyck, Journal of Environmental Economics and Management (Pindyck, 2012) , P12 hereafter. Pindyck incorporates the distribution for the (uncertain) temperature change and the distribution of the (uncertain) impact of this change on the growth of consumption and computes the willingness to pay (WTP), i.e., the fraction of consumption [. . . ] that society would be willing to sacrice, now and throughout the future, to ensure that any increase in temperature at a specic horizon H is limited to τ . These fractions are typically below 2% and it is stated in P12 that this is consistent with the adoption of a moderate abatement policy.
P12 is a sound paper tackling dicult questions with crystalline thinking and terse prose. The work was cited often (31 times on Scopus and 113 on Google scholar 1 ) in a relatively short lifespan. Assumptions and methods are clearly spelled out, as indeed proven by the fact that most of the paper could be reproduced with no access to the original code or les. Most of important arguments are crucially based on gures numerically resulting from the model, and data and estimates are based on IPCC Fourth Assessment (IPCC, 2007c,a,b) . We believe the results in P12 are important and insightful and summarize in a clever way a vast amount of knowledge on climate change. The computations involved in the model are technically demanding and, basically, require to evaluate many 3-dimensional non-trivial integrals (over a long span of time, over an estimated distribution of temperature changes, over an estimated distribution of an impact coecient). Our replication was often facilitated by the working paper (Pindyck (2009) , hereafter P09) which, we deem, was a detailed preparation of the contributions that were later streamlined and distilled in P12.
The possibility to read two versions of the same work and access, when needed, alternative wording of the same procedures or descriptions is a fortunate circumstance, hence we hope more scholars will routinely publish in the future all the drafts of the papers that ultimately result in a denitive publication on a journal. The examination of multiple interrelated stages of development of a scientic research can illuminate technical passages, as well as clarify the logical path linking the original ideas to the nal upshot.
Replication is of paramount importance in science and lies at the very heart of what dierentiates science from cheap talk and non-scientic arguments. There is an increasing awareness of the need for more replication studies and too many scholars sadly admit that have attempted with faltering or no success to reproduce others' work (Baker, 2016) .
Replication, however dened, is in our opinion very important for another reason: boldly put, we believe that replicating a paper is the only way to (fully) understand it. This may be also true for theoretical works (say, reworking all the proofs) but we have no doubt that this is needed to master numerical, empirical or simulative work. The amount of eort needed is often inordinate but, even though the verication is never published as a standalone paper, the rewards are hefty and one of the authors of this article just believes that most, if not everything, of what he knows comes from the hard times spent 1 The number of citations was recorded on October 31, 2017. in struggling with the details of papers to be replicated.
For additional clarity, we'll no longer use the word replication in what follows for reasons that are convincingly exposed in Clemens (2017) : the term is used in the literature to refer to distinct procedures and there is no agreed standard on its precise meaning. In this paper, we present a verication 2 as well as an extension and a reanalysis 3 of P12 as dened in Clemens (2017) . In the rst part relative to verication, we aim at reproducing the results of P12 using the same specication of the model and the same data. Neither P12 nor P09 explicitly state the software used for the computations but Robert Pindyck, in a personal communication, made clear that MATLAB was used and provided us with some code. In what follows, we used R, (R Core Team, 2015) , a popular and reliable free software platform for statistical and numerical computing and data visualization. While we stress that some scholars, like Anderson et al. (2008) , appear to require that a verication should use the same software (and perhaps the same hardware), we believe that the use of MATLAB, R or any other professionally trusted software (e.g. Octave, Mathematica) should not alter the substantial results of a research. In other words, if dierent results are obtained with dierent pieces of software, the case is indeed worth studying as done in McCullough and Vinod (2003) .
4 Subsequently, we move forward and perform an extension re-estimating everything using more recent data, and a reanalysis showing how the results contained in P12 change if we alter the specication of the model. In particular,
we rstly use data from IPCC Fifth Assessment (IPCC, 2014) whereas P12 was based on the previous IPCC Fourth Assessment, (IPCC, 2007c,a,b) . Secondly, we change the specication assuming the change in temperature aects consumption's growth rate convexly, in contrast with P12 where linear dependence is assumed.
We obtained two main results from our verication. The rst is that most of P12 can be reproduced quite accurately and even if discrepancies are present in some of our gures, they are small and do not aect the economic meaning or interpretation in any way.
The other outcome of the verication is more general and a bit troublesome: our 2 A verication has the aim of reproducing the results of the original paper using the same specication of the model and the same data. Therefore, a verication should not produce discrepant results unless there are plain errors or fraud in the original work.
3 Reanalysis and extension are robustness checks to the original work, having the aim of exploring the stability of results of the original work using dierent data and/or alternative model specications. More specically, a reanalysis uses the same data of the original work but with a dierent model specication, while an extension runs the original model using dierent data. Hence, if for a verication we expect the results to be the same of the original work, there is no reason to expect the same after an extension or a reanalysis.
4 From Axtell et al. (1996) : "We have identied a few cases in which an older model has been reprogrammed in a new language, sometimes with extensions, by a later author. For example, Michael Prietula has reported reimplementing a model from Cyert and March (1963) and Ray Levitt has reported a reimplementation of Cohen, March and Olsen (1972) . However, these procedures are not comparisons of dierent models that bear on the same phenomena. Rather they are "reimplementations", where a later model is programmed from the outset to reproduce as closely as possible the behaviour of an earlier model. Our interest is in the more general and troublesome case in which two models incorporating distinctive mechanisms bear on the same class of social phenomena, be it voting behaviour, attitude formation, or organizational centralization". results (and, hence, our ability to verify P12) are sensitive in many cases to choices of parameters used in the computation but otherwise having no deep relationships with the model. For instance, even though some integrals are naturally dened on the real (half ) line, integration routines require to set an upper limit for the domain: while this should be intuitively irrelevant, it turns out that it can introduce non obvious and large biases.
A more detailed discussion is deferred to Section 6 but our experience emphasizes that it may be dicult to select the right parameters leading to the correct results, especially if one has not an article, like P12, as a target for ne-tuning.
Regarding the extension, we change the data source and redo the paper to give the avour of how our understanding and policy vary based on two subsequent IPCC reports.
Essentially, more recent data support a temperature change distribution over next century that is higher on average and more concentrated. The eects on the WTP, thus are opposite as the higher mean would increase our willingness to pay but, at the same time, as extreme events are less likely, smaller risk tends to curb the WTP. The overall eect is a slight increase in the willingness to pay for strong mitigation and a slight decrease in the willingness to pay for moderate mitigation.
We then alter the specication of the model, still keeping the original data to be comparable with P12, and assume that the growth rate of consumption is convexly (as opposed to linearly) aected by the temperature change. This incorporates in the model a more cautious and risk-averse attitude as large (albeit rare) increments in the temperature can have drastic eects. This reanalysis produces (moderately) higher levels of the willingness to pay. The sensitivity of results to the choice of the damage function, about which we know almost nothing (Pindyck, 2013) , suggests caution in the interpretation of results for policy making and sheds light on the need for further research on the economic implications of climate change.
The paper is organized as follows. Section 2 briey summarizes the model contained in Pindyck's work and describes the major conclusions of P12. In Section 3, we present our verication strategy and explain the functioning of the routines we have used in the verication. P12 is a rich paper with plenty of numerical results and robustness tests or discussions. We reproduced a vast body of outcomes, including pictures, key tables and robustness checks of the original paper. Section 4 is devoted to the extension, while Section 5 is devoted to the reanalysis. Section 6 discusses in detail some of the most relevant results of the previous parts. We then conclude with some nal remarks and suggestions for future research.
The model
This section describes the model presented in P12. It is assumed that the temperature increase T H at horizon H is distributed as a three-parameter displaced gamma density of the form:
where θ is the displacement parameter and Γ(r) = 
so that, in particular, T t → 2T H as t → ∞.
As done in many studies of climate change the eect of temperature increase is linked to the Gross Domestic Product (GDP) through the loss function L(T ) = exp(−βT 2 ). The GDP (or consumption) at H is then L(T H )GDP H , where GDP H is the would have been GDP at t = H with no warming. Clearly, the loss aects the level of GDP but it is argued in P12 that a model incorporating eects on the growth rate of GDP is more appropriate.
Hence, assuming that in the absence of warming the GDP would grow at constant rate g 0 and that T t decreases the instantaneous growth rate to
we obtain the path of the growth rate as
g(s)ds) (with warming), can be computed
for any t. Normalizing consumption C 0 at 1 and equating nal consumption (3) at H with what would be obtained using a loss function on levels, one gets
and, subsequently, the relationship between β and γ:
Typically, integrated assessment models in the literature provide estimates of β, which can be converted into values for γ that are nally used to t a displaced gamma density f γ (y) = f γ (y; r γ , λ γ , θ γ ), for the random variable γ appearing in (2).
We dene the social utility function
where η is the index of relative risk aversion of the society. It is convenient in what follows to set u(
The willingness to pay w * (τ ) is the fraction of consumption now and thorough the future society would sacrice to ensure that an increase in temperature at a specic horizon H is limited to an amount τ , see p. 292 in P12. Pindyck's paper does not deal with the practically signicant problem that w * (τ ) may not be enough to keep T below τ but assumes that the society is willing to sacrice up to a fraction w * (τ ) of consumption to truncate the distribution f (T ), so that T ≤ τ . More formally, if no action is taken social welfare would be
where the tilde emphasizes the random nature of the quantity, 0 ≤ t ≤ ∞ 5 , the uncertain temperature increase x spans the interval θ T ≤ x ≤ ∞ and the impact coecient γ is in
If society sacrices a fraction w * (τ ) of consumption, we have two eects in the computation of social welfare: rstly, only the remaining part of consumption,
is used as an argument of the utility function; and, secondly, integration with respect to the variable x will be bounded to τ and be taken with respect to a truncated and renormalized density f τ (x), where f τ (x) = 1 x≤τ f (x)/F (τ ) and the normalizing constant is
Hence, given the upper threshold τ for temperature increase, social welfare (under sacrice)
where the integration domains are 0 ≤ t ≤ ∞, θ T ≤ x ≤ τ and θ γ ≤ γ ≤ ∞, respectively, for the variables t, T and γ. The willingness to pay w * (τ ) is then the solution of the equation W 2 = W 1 (τ ). Using (5) and (6) WTP can be written as
5 H is the forecasting horizon, but damages are evaluated also beyond that period Observe that ultimately the WTP can be readily computed once the two 3-dimensional integrals G ∞ and G τ are evaluated. It turns out that these computations are far from trivial in a variety of parameters' constellations and require considerable care to be performed.
Indeed, in Section 5.2 of P12 a simple case is examined in which no uncertainty is assumed on T and γ, which are replaced by a known T H and by the mean γ of density f γ (denoted as g in P12), see Figure 4 in P12. Technically speaking, this makes the previous integrals 1-dimensional and, more importantly, results can be contrasted with more general situations where uncertainty plays a role, spreading the set of feasible outcomes in ways depicted by the estimated densities for T and γ.
Our presentation of the model diers from the one in P12 as we emphasize the fact that relevant quantities are obtained taking 3-dimensional integrals whereas slightly more abstract mean operators are used to describe the very same objects in Pindyck's work.
Incidentally, we hope that two equivalent descriptions may benet dierent readers or clarify, if needed, both notations and their precise meanings.
Coming to the main concrete claims of P12, we believe it's fair to say that the author interprets his own results as an indication that moderate abatement policies should be pursued in the face of the large uncertainty surrounding the amount of future temperature increase and its unknown impact. This broad conclusion is stated in the abstract, in the introduction and elsewhere in the paper. In the concluding remarks, the argument takes an analogous avour: asking whether a stringent [abatement] policy is needed now, Pindyck says results are consistent with beginning slowly. A similar lesson, we believe, can be drawn from the simplied example contained in Section 5.2 of P12: if the temperature increase is known to be T H = 6
• C in H = 100 years under business as usual and known economic impact, then the willingness to pay to have no warming, w * (0), is still only 2.2%
(italics are ours).
These considerations spurred us to assess the robustness of the model, using more recent data (Section 4) or changing part of the model specication the model (Section 5), in order to check how much can be retained of the gist of the original paper in dierent setups.
However, in Section 3, we begin with a verication of most of the results contained in P12.
3 Verication 3.1 R All the computations of this paper are obtained using the R platform, R Core Team (2015).
R is a free software environment for statistical computing and graphics. Among the alternatives, we chose R since it is free, it is easy scriptable and, among the many existing packages, there is one (cubature, Johnson and Narasimhan (2013) ) specically developed to evaluate multiple-dimension integrals.
6
6 The code is available upon request
Estimation of the displaced gamma density P12 assumes a displaced gamma density for both T H and γ. Almost all the integrals for the calculation of the WTP involve these two random variables. Therefore the results of the paper heavily depend on this preliminary estimation. Like in P12, we t the parameters of a displaced gamma density for the random variable T H with E(T H ) = 3
• C, P(T H ≤ 7
• C) = 5% and P(T H ≤ 10
• C) = 1%. We obtain r T = 3.9, λ T = 0.92 and θ T = −1.22 that can be compared with the values reported in P12: 3.8, 0.92 and −1.13, respectively. Figure 1 displays the two distributions which, despite the slightly dierent value of the parameters, appear to be almost indistinguishable. We decide to number our gures the same way they were numbered in P12: hence, to ease the comparisons for the readers, Figure X The distribution of the damage coecient γ is calibrated in order to t a displaced gamma density such that E(γ) = 0.0001363, P(γ ≤ 0.0000450) = 0.17 and P(γ ≤ 0.0002295) = 0.83.
.
7 The procedure used to calculate these moments is not explicitly stated in P12, but can be inferred from a footnote of P09. These moments of the γ distribution are implied by the corresponding moments of β. IPCC (2007a) reports that, for a 4
• C warming level, the expected production loss in levels Loss T H is 3%, with a 66% condence interval being 1-5%. We can obtain the values of β that are coherent with these projections using the equation exp(−βT 2 H ) = 1 − Loss T H . These estimates imply thatβ = 0.00190, β 0.17 = 0.000628 and β 0.83 = 0.00321. The moments for γ are then obtained from (4) We obtain r γ = 4.43, λ γ = 20939 and θ γ = −7.28 · 10 −5 . Again, our estimates are quite close to the values r γ = 4.50, λ γ = 21431 and θ γ = −7.46 · 10 −5 reported in P12, and the plots corresponding to the two densities are basically undistinguishable (see Figure 3) . The numerical approximation of the parameters for γ has been less trivial than it was needed for T H , due to the dierent order of magnitudes of the three parameters; for details we refer the reader to Section 6. Tables 1 and 2 . In what follows, we reproduce the original
Figures 4, 5 and 6 and recompute Table 1 .
First, some benchmark WTPs are computed in a setup with no uncertainty on future temperature increase and economic impact, and Figure 4 depicts the WTP w * (0) to keep warming at zero as a function of a known T H , assuming a xed value for γ =γ = E(γ) = 0.0001363, and showing three possible scenarios for the growth rate g 0 = 0.015, 0.02 or 0.025 (the remaining parameters are the index of relative risk aversion η = 2 and discount rate δ = 0). This is, therefore, a scenario with no uncertainty where the integrals needed to evaluate the WTP are 1-dimensional. It is, of course, formally impossible to test whether two gures are the same, but an eyeball test of the twin gures in P12 and in this paper (and lots of zooming!) show that they are essentially displaying the very same quantities.
Perhaps more concretely, to exemplify the meaning of Figure 4 it is reported in P12 that when T = 6 and g 0 = 0.02 then w * (0) is about 0.022 or 2.2%. For comparison, our own computations produce 0.02156. Second, WTPs are displayed in Figure 5 , allowing for uncertainty. In the picture, the functions w * (τ ) are depicted in four scenarios combining dierent risk aversion η and baseline growth rate g 0 . In this setup, full 3-dimensional integrals are involved and care is needed to set apparently irrelevant (technical) parameters, as detailed in Section 6. It is again hard to discern any dierences in the two versions of Figure 5 of this paper and of Pindyck's one.
Third, we focus on Figure 6 where the dependence of w * (3), namely the WTP to limit the increase in temperature to 3 • C, is plotted as a function of risk aversion η (under two dierent discount rate δ). This picture is interesting as it turns out that its replication is dicult, in particular, if η approaches 1 or when η = 4. In the rst case, we have an evident singularity in the denition of U (·) and can resort to the fact that, in this situation, the utility function is up to constant a logarithmic function. It is less clear why high values of η prove to be relatively ill-posed for the integration routine cubature. While additional details are deferred to Section 6, we observe that our Figure 6 is extremely similar to the one found in P12.
We nally move to Table 1 , which lists 19 pairs of WTPs and allows for a more rigorous comparison of numeric gures obtained tilting the reference values of some parameters. In particular, the two WTPs w * (0) and w * (3) are tabulated and, unless otherwise indicated, δ = 0, η = 2, g 0 = 0.02, E(T ) = 3
• C, E(γ) = 0.0001363 and social utility is computed on a span of time of 5 centuries (t max = 500).
Generally speaking, our estimates of the WTP (in the second and fourth columns) match very well the ones in P12 (placed side by side in the third and fth columns). For Note: unless otherwise indicated δ = 0, η = 2, g 0 = 0.020, ε(T H ) = 3
• C, ε(γ) = 0.0001363, t max = 500
years. In row 18, again with η = 4, our w * (0) and w * (3) are quite smaller than the WTPs in P12 (dierences exceed 2 and 1 percentage point, respectively).
Finally, the last row of Table 1 portrays a large dierence in both WTPs. We feel that, nonetheless, there may be a simple material typing error in P12 as the entries in Pindyck's Table are exactly the same as in row 10, whereas we expected the same gure of row 9.
This is due to the fact that, as it is possible to notice by looking at (8) of P12, 8 with η = 2 an increase in δ compensates for a decrease in g 0 of the same absolute value, implying that a scenario with ε(T H ) = 5 • C and g 0 = 0.02 is actually the same as a scenario with ε(T H ) = 5
• C and g 0 = 0.01 and δ = 0.01. For the same reason, the entries in rows 1 and 16 in Table 1 should be the same but this does not happen in P12.
All in all, with some exceptions possibly related to low growth rates and extreme values for η, our estimates are often close to the ones obtained by Pindyck (some reasons for what is happening in cases 8 and 18 are discussed in Section 6).
8 Equations (7), (8), (9) of P12 report that in the simple case where T H and γ are known,
where:
When η = 2, the value of ρ depends on the sum g 0 + δ. Hence, decreases in the growth rate can be oset by equal increases in the discount rate leaving ρ unaected.
4 Extension: 2014 data
This section provides an extension of the original paper where we change the data used to estimate densities for the temperature increase. As in every extension, the fact that we change the data makes clear that the results shown here cannot be expected to resemble the ones in P12, but should be used to appraise how the original results are aected by the availability of new data. The Fifth IPCC Assessment Report released in 2014 (IPCC, 2014) contains new data that can be used to estimate fresh densities for the uncertain quantities Under scenario RCP8.5 the forecast is of a 3.7
• C temperature increase from [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] to 2081-2100, with a 'likely range of 2.6 • C to 4.8 • C. In Figure 1a , we plot the old density for T H and the new density interpreting the term likely as a 66% or a 90% condence interval (in P12 the term likely is associated to 66%). Using for the estimation the information E(T H ) = 3.7
• C, P(T H ≤ 2.6 • C) = 17% and P(T H ≤ 4.8 • C) = 83%, the results for the parameters of the gamma displaced density f 2014 (x) are: r 2014 = 7.82, λ 2014 = 2.38 and θ 2014 = 0.42. Figure 1a shows that the distributions computed with more recent data shift to the right and are more concentrated around the mean of 3.7
• C (and, in particular, the right tail is clearly much thinner than in P12 in either of the two versions obtained from 2014 data).
Observe that with the new parameters, being θ 2014 greater than zero, it is impossible to keep the temperature increment at 0 and, hence, w * (0) cannot be estimated. In Table   1a we report the WTPs for the same cases listed in Table 1 , replacing w * (0) with w * (1), under the two interpretations of likely. In the third (sixth) column, we display w * (1) Please note that an high GHG emission scenario does not necessarily imply an high "pollution" scenario: pollution depends on the emissions of other substances, like for example SO 2 .
10 Representative Concentration Pathways 8.5, therefore, assumes an increase of 8.5 W/m 2 radiative forcings with respect to preindustrial levels 5 Reanalysis: Convex damage function "When assessing climate sensitivity, we at least have scientic results to rely on, and can argue coherently about the probability distribution that is most consistent with those results. When it comes to the damage function, however, we know almost nothing". Pindyck (2013) This section provides a reanalysis of the original paper where we change the functional form of (2) dening how much a temperature increase would aect the growth rate g 0
.
The linear way the increment in temperature aects the economic growth rate is the most speculative part of the analysis, since there is not enough empirical or theoretical support for any specic damage function, and arbitrary choices of the damage function (Weitzman, 2010) or, more generally, on the structure of the model (Pindyck, 2013 (Pindyck, , 2017 may have non-trivial eects on related policy considerations. Indeed, as far as we would like to understand the consequences of unprecedented warming, we may be tempted to assume 11 As in every reanalysis, the fact that we change part of the model makes clear that the results shown here cannot be expected to resemble the ones in P12, but should be used to appraise how the original results are aected by modications of key parts of the assumptions.
(say, for precautionary reasons) convex damages. Hence, we reanalyse the willingness to Figure 4b : w * (0), known temperature change T H , η = 2, g 0 = 0.015, 0.020, 0.025, and δ = 0, convex damage function g t = g 0 − γ T
t
WTPs for low or moderate levels of warming (below 3-4
• C), but eventually convex damage takes place for higher warming levels (when T H is about 8-10
• C) inating the WTP.
Once uncertainty is introduced again, WTPs are depicted in Figures 5b, 6b and displayed in Table 1b . While in Figure 5b , which shows WTPs as a function of τ , the modications due to α = 1.25 appear to be minor, Figure 6b draws the attention of the signicant eect at least for low values of the parameter η: when η = 1, the WTP are very close to 2 and 8% when the discount rate δ is 0 or 0.01, respectively . The same numbers in Figure 6 are about 1.5 and 5.5%. Due to the decreasing trend of the WTP as a function of η, dierences fade for medium to large values of η.
The rst three rows of Table 1b show that little changes, if any, are observed in the baseline case or varying t max while keeping xed the values of the other parameters. More interestingly, it also discloses that when α = 1.25 large eects are caused by the reduction of the growth rate g 0 . Just to provide an example, in row 6 WTPs for w * (0) and w * (3) jump to 0.1935 and 0.1316, with increments about 5 percentage points with respect to the standard case where α = 1. Even more spectacular hikes are visible in rows 8 and 18, which feature a combination of low g 0 and high η. The explosion of some WTPs seen in the third and fourth columns of the table can be related to the peculiar eects on the utility generated by low growth rates, α > 1 and high values for η. Indeed, as g t = g 0 − γ T α t , consumption can decrease to innitesimal levels for combinations of parameters that make the growth rate negative. Consequently, the utility of nearly null consumption can attain very low and negative values, eectively approaching −∞ at fast speed for large values of η. The examination of the fth and sixth columns shows that setting α = 1.25 generally produces relatively small eect on w * (3) which, we recall, may corresponds to a situation in which moderate abatement is sought for.
Figure 5b: w * (τ ), T H and γ uncertain, η = 1.5, 2, g 0 = 0.015, 0.020, 0.025, and δ = 0, damage function g t = g 0 − γ T
This analysis, further, suggests that the use of large α (say, a quadratic damage function would be obtained when α = 2) is likely to results in problematic estimates of WTPs close to 1 (i.e., 100%) for some choice of other parameters of the model. Some reections on the technical diculties and practical implications of the computation of the WTP in this and other cases form the bulk of next section.
Discussion
This section is devoted to the analysis of three important issues faced in the replication or reanalysis of P12. Firstly, we describe why care is needed in the estimation of the coefcients of the gamma displaced densities estimated for T H and γ. Secondly, we highlight how the statement with the other moments of the distribution unchanged has to be implemented. Finally, we investigate the eect of seemingly irrelevant and technical positions related to the upper extremes of integration, as +∞ cannot materially be used in (most of ) numerical routines routinely available. The next three subsections explore one issue at a time.
6.1
Estimation of the densities P12 assumes that the two most important uncertain quantities of the model are distributed as displaced gamma distributions, which oer the bonus of a remarkable analytical Note: unless otherwise indicated, δ = 0, η = 2, g 0 = 0.020, ε(T H ) = 3.7
• C, ε(γ) = 0.0001068, t max = 500
years. While this is roughly true in the estimation of the density for T H , it is denitely not the case for the parameters of the density of impact γ, which dier by several orders of magnitude and are reported in P12 to be r = 4.5, λ = 21341 and θ = −7.46·10 −5 . Typically, in similar cases the default choice of the numerical method may fail to be the correct one, possibly resulting in inaccurate results. To tackle this scaling problem (Nash, 2014) the user can provide optional information to the algorithm, basically giving the correct magnitudes as an (additional) input. Specically, in our code we use the option parscale to feed the optimizer with the proper parametric scales.
To summarize, it should be kept in mind that in this case other than the defaults computational methods and scaling coecients were provided to the optimizer in R. Obviously, care and some experience are needed to customize some details prior to minimization and additional scrutiny and checks of the adequacy of the results, with analytical or graphical methods, are advised. The task is hugely facilitated when replicating an existing paper that can be inspected and appear to be much harder if no hint can be guessed, say on starting points or sizes, from other sources.
6.2
On sensitivity analysis
Among the several sensitivity analysis reported in Table 1 , some concern an increase in the mean µ of T H or γ or in both of them. To facilitate the reader in verifying our verication, we briey outline how to obtain the same results of P12.
The statement with the other moments of the distribution unchanged means that the value of θ must not be altered, and that the values of the parameters r and λ have to be chosen in such a way to leave σ 2 unchanged, get the desired µ and let the moments beyond the second to vary. Exploiting the properties of the displaced gamma distribution, it can be shown that there is a closed-form solution for r and λ as a function of µ, σ 2 and θ:
We adopted this procedure and got estimates for cases 914 in Table 1 virtually identical to the ones contained in P12.
On the upper limits of integration
The quantication of the WTPs entirely relies, as we have seen in previous sections, on the computation of two (multi-dimensional) integrals in (7). In principle, these integrals are to be computed over intervals reaching +∞. However, for practical reason, the support of T H and γ is truncated and the upper limits in the computations are instead taken to be large numbers, which we denote by T max and γ max . We recall that the same computational shortcut is explicitly mentioned in P12 when, say, the utility of consumption is integrated up to t max = 500 (or 1000 in the robustness check of row 3 in Table 1 ). All the computation in this work used T max = 15
• C and γ max = 0.0007. Intuitively, this is justied by the fact that truncating the distributions should not have a large eect provided that T max and γ max are big enough.
12 Table 2 shows the WTP w * (0) for the baseline combination of parameters (corresponding to row 1 of Note: δ = 0.02, η = 2, g 0 = 0, ε(T H ) = 3 • C, ε(γ) = 0.0001363, t max = 500 years.
Quite a dierent behaviour is documented in Table 3 , which shows w * (0) when η increases to 4 and the growth rate g 0 decreases to 0.01 (see the parameters of row 8 of Table  1 ). Even a cursory look at the table reveals that the WTP dramatically depends on T max and γ max , despite the intuitive belief that they should only play a technical role in the computations, bounding the integration domain. It is quite clear that w * (0) = 0.0060 which, as argued in previous sections, is notably dierent from the gure shown in P12,
is not a robust estimate and its wild uctuations cast serious doubts on any related policy suggestions. Generally speaking, the increase of T max , as well as γ max appear to fuel the WTP till 100%. This value is reached because there are combinations of T and γ in the integration domain for which consumption grows at a negative rate and rapidly approaches innitesimal levels, due to the small g 0 and to the term −γT in (2), generating (very) negative utility. The eect is enhanced by the relatively large value taken by η, and we have already observed that several WTP are hard to compute when η = 4, the largest value examined in P12.
The previous discussion demonstrates that reliable computations of WTP may be hard Note: δ = 0.02, η = 2, g 0 = 0, ε(T H ) = 3 • C, ε(γ) = 0.0001363, t max = 500 years.
under some circumstances or, if you wish, that the model appears to be fragile, being the results too sensitive to internal inputs of the numerical software. Clearly, changes in the specication of the utility function may remove some forms of ill-posedeness. Additional stability, of course, would be obtained tolerating positive values for δ but we are well aware that the proper level of the intertemporal discount rate is at the heart of a (moral) debate among scholars and economists (Dasgupta, 2008; Pindyck, 2013) 13 .
Conclusions
In this paper we present a verication, an extension and a reanalysis of the incisive paper Pindyck (2012) . Retracing the path followed by the author has, to a large extent, allowed to verify the accuracy of the estimates of the willingness to pay in order to limit the temperature increase below some threshold τ . This was possible with no access to the original code under a variety of parametric instantiations and critical discrepancies from the results of P12 are present but uncommon, possibly due to one material typing error and likely to be related to a few specic combinations of values taken by the parameters η, related to the risk aversion of the society, intertemporal discount rate δ and growth rate of consumption g 0 .
Our extension and our reanalysis corroborate the main message of Pindyck (2012): we have shown that using more recent data from IPCC 2014 does not change the value of the statement that the willingness to pay, given what the know and its sheer uncertainty, is consistent with a moderate abatement policy.
As we know little about the damage function that relates the temperature increase to the decrement in the growth rate of consumption, our reanalysis also investigates how convex damages aect the results, implicitly assuming that rare (and catastrophic) events are greatly valued in the computation of the utility function. While in standard cases this is not changing much the results, in other circumstances the willingness to pay increases in outstanding ways, hinting at some fragility of the model and suggesting caution in the interpretation of policy decisions that may be driven by the model.
We believe that another important outcome of this work was the demonstration that some results critically depend on the values of technical parameters of the numeric algorithms at work in the evaluation, such as the upper extremes of integration. The fragility of this version of the model exemplies why an oftentimes excruciating eort is needed to verify the results obtained by other scholars, even in this cases where abundant information was available in an extended and detailed working paper written by Pindyck on the very same model.
While we hope that our sacrice makes a contribution to the ongoing discussion on the usefulness of verifying and reanalysing scientic works, we are well aware that even more sacrice is surely needed to understand and reduce adverse eects of climate change.
13 According to Dasgupta (2008) and Pindyck (2013) , the dierent calibration of the discount rate and other crucial parameters is at the very heart of the ten-fold dierence between Nordhaus (1994 Nordhaus ( , 2014 and Stern (2007 Stern ( , 2008 in their estimated Social Costs of Carbon.
